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ABSTRACT
We study the spectral energy distribution (SED) of the radio continuum emission from the KINGFISH
sample of nearby galaxies to understand the energetics and origin of this emission. Effelsberg multi-
wavelength observations at 1.4GHz, 4.8GHz, 8.5GHz, and 10.5GHz combined with archive data allow
us, for the first time, to determine the mid-radio continuum (1-10GHz, MRC) bolometric luminosities
and further present calibration relations vs. the monochromatic radio luminosities. The 1-10GHz
radio SED is fitted using a Bayesian Markov Chain Monte Carlo (MCMC) technique leading to
measurements for the nonthermal spectral index (Sν ∼ ν−αnt) and the thermal fraction (fth) with
mean values of αnt=0.97±0.16 (0.79±0.15 for the total spectral index) and fth=(10±9)% at 1.4GHz.
The MRC luminosity changes over ∼3 orders of magnitude in the sample, 4.3 × 102L⊙ <MRC<
3.9 × 105 L⊙. The thermal emission is responsible for ∼23% of the MRC on average. We also
compare the extinction-corrected diagnostics of star formation rate with the thermal and nonthermal
radio tracers and derive the first star formation calibration relations using the MRC radio luminosity.
The nonthermal spectral index flattens with increasing star formation rate surface density, indicating
the effect of the star formation feedback on the cosmic ray electron population in galaxies. Comparing
the radio and IR SEDs, we find that the FIR-to-MRC ratio could decrease with star formation rate,
due to the amplification of the magnetic fields in star forming regions. This particularly implies a
decrease in the ratio at high redshifts, where mostly luminous/star forming galaxies are detected.
3Keywords: galaxies:star formation – galaxies: ISM — catalogs — surveys
1. INTRODUCTION
The use of the radio continuum (RC) emission as an
extinction-free tracer of star formation in galaxies was
first suggested by the tight empirical radio–infrared (IR)
correlation, extending to more than 4 orders of magni-
tude in luminosity (see Condon et al. 2002, and ref-
erences therein). However, some authors have raised
the possibility of conspiracy of several factors as the
cause of the radio-IR correlation (Bell 2003; Lacki et al.
2010). More direct studies of the radio emission prop-
erties at several frequencies are needed to understand
the origins, energetics, and the thermal and nonthermal
processes producing the RC emission observed in galax-
ies. Star forming regions as the most powerful source
of the RC emission are directly evident in the resolved
maps of not only the thermal free-free emission but also
the nonthermal synchrotron emission in nearby galaxies
(Tabatabaei et al. 2007, 2013c,a; Srivastava et al. 2014;
Heesen et al. 2014). This is understandable as massive
star formation activities like supernova explosions, their
shocks, and remnants increase the number density of
high-energy cosmic ray electrons (CREs) and/or acceler-
ate them, on one hand, and amplify the turbulent mag-
netic field strength, on the other hand. The net effect
of these processes is a strong nonthermal emission in or
around star forming regions. These maps also show that
extended structures in non star forming regions emit
RC, as well, but at lower intensities than in star form-
ing regions. How these various sources/emission shape
the RC spectrum globally and locally is a pressing ques-
tion today.
Studying the spectral energy distribution (SED) pro-
vides significant information on the origin, energetics,
and physics of the electromagnetic radiation in general.
The shapes of the SEDs usually reflect the radiation
laws and their parameters such as power-law energy in-
dex or emissivity index as well as physical phenomenon
affecting those parameters like cooling/heating mecha-
nisms in the interstellar medium. Integrating the SEDs
determines the total energy output of a source over a
certain frequency range which is a useful parameter to
compare the energetics from different regimes of the elec-
tromagnetic radiation. Comparing the SEDs at different
regimes (like in the radio and infrared) provides key in-
sights on the origin/nature of the emission and general
factors setting their energy balance. To date, the in-
frared (IR) SEDs of various astrophysical objects have
been dissected thanks to the coherent and simultane-
ous observations at several bands/frequencies with space
telescopes like IRAS, ISO, Spitzer, and Herschel. In ra-
dio, however, most of the surveys have targeted a single
radio frequency/band (mainly 1.4GHz) with different
sensitivities/resolutions/observational instruments pro-
hibiting a coherent (i.e., consistent in terms of perfor-
mance/observations, targets and selection limits) radio-
SED analysis for galaxy samples. This has been mainly
because of a simple assumption under which the non-
thermal radio spectrum has a fixed power law index
of αnt ∼ 0.8 (for S ∼ ν−αnt). However, this assump-
tion cannot explain either the resolved spectra of galax-
ies (e.g. Tabatabaei et al. 2007, 2013c) or the integrated
spectra (Duric et al. 1988; Marvil et al. 2015).
The radio SED of galaxies can be divided into 2 main
domains: the nonthermal domain at ν . 10GHz and
the thermal domain at frequencies 10 − 20GHz < ν <
100GHz. The aging of cosmic ray electrons (CREs)
and the thermal free-free absorption could cause curva-
ture or flattening of the nonthermal SEDs. Such a flat-
tening and curvature mostly occurs at low frequencies
ν < 1GHz in galaxies (e.g. Condon 1992; Adebahr et al.
2013; Mulcahy et al. 2014; Marvil et al. 2015). In the
mid-frequency range of 1 < ν < 10GHz, the syn-
chrotron power-law index faces minimal variations with
frequency, on one hand, and the radio continuum has
the least contribution from spinning dust, on the other
hand. Hence, the power-law SED (which is expected if
the cooling and aging of CREs occur in a clumpy ISM,
Basu et al. 2015a) could be optimally constrained in this
frequency range. Extrapolating the 1-10GHz SEDs to-
ward lower frequencies would then provide a basis to
obtain the amplitude of the various effects causing pos-
sible flattening or curvature of the nonthermal spec-
trum. Toward higher frequencies, the extrapolations
would help uncover potential contribution from anoma-
lous dust emission.
This paper presents a coherent multi-band survey
of the 1-10GHz SEDs in a statistically meaningful
nearby galaxy sample, the KINGFISH (Key Insights on
Nearby Galaxies; a Far-Infrared Survey with Herschel,
Kennicutt et al. 2011) sample, providing a wide range in
star formation rate, morphology, and mass with the 100-
m Effelsberg telescope. The KINGFISH sample is ide-
ally suited to characterize the radio SEDs with respect
to their IR SEDs that have been presented in Dale et al.
(2012). Without any pre-assumption about αnt, the true
range of radio SED parameters are searched by means of
the Bayesian MCMC technique. The dependence of the
radio SED parameters on the star formation rate (SFR)
are then studied using the measurements already avail-
able for the KINGFISH sample (Kennicutt et al. 2011).
4The thermal and nonthermal radio fluxes separated us-
ing the SED modeling allow us to estimate the SFR
using the basic thermal/nonthermal radio SFR calibra-
tion relations presented in (Murphy et al. 2011) and to
compare the radio SFRs with other extinction-free SFR
tracers.
The paper is organized as follows. After presenting the
observations and the data (Sect. 2), we describe the SED
modeling and present the results (Sect. 3). In Sect. 4, we
introduce the MRC bolometric SED and determine the
contribution of the standard radio bands. The calibra-
tion relations based on the radio emission are presented
in Sect. 5. The decomposed nonthermal emission allows
estimation of the equipartition magnetic field strength
for the sample (Sect. 6). We then discuss the results
(Sect. 7) and summarize our findings (Sect. 8).
2. DATA
2.1. Radio Observations and Data Reduction
The KINGFISH sample consists of 61 nearby galaxies
of different morphological types. From this sample, we
selected all galaxies with declinations ≥ 21◦ so that they
can be observed with the Effelsberg 100-m single dish
telescope to obtain global measurements of the radio
continuum at 20 cm, 6 cm and 3.6 cm1. About 50 galax-
ies fulfill this criterion. The non-KINGFISH galaxy,
M51, is also included in this study. We observed 35
of these galaxies at 6 cm, 10 galaxies at 20 cm and 7 at
3.6 cm to complete already existing archival data dur-
ing 4 observation runs listed in Table 3. Tables 1 and
2 summarize some KINGFISH sample properties, and
Table 4 the new Effelsberg observations.
2.1.1. The 6 cm observations
At 6 cm, the beam size of the Effelsberg telescope is
2.′5 which is comparable to the optical sizes of some of
our targets. Two modes of observation were used, de-
pending on the size of the target. The 19 smaller and
fainter galaxies were observed in the cross-scan mode
(point source observations). In this mode, the objects
were observed in 20′ long scans in azimuth and in el-
evation with a velocity of 30′/min. For galaxies with
20 cm flux densities lower than ∼10 mJy and those not
detected in NVSS (11 galaxies), 30 cross-scans were
used leading to an on-source time of 30min per tar-
get. For the other five bright compact galaxies, only
10 cross-scans (∼10min per target) were used. The
remaining 16 galaxies were observed in the mapping
mode. The Effelsberg maps at 6 cm are scanned in
the azimuthal direction with a two-horn secondary-focus
1 Based on observations with the 100-m telescope of the Max-
Planck-Institut fu¨r Radioastronomie at Effelsberg
system, using software beam-switching (Emerson et al.
1979), corrected for baselevel, and transformed into the
RA, DEC coordinate system. We obtained maps of
18′×10′ (grid size of 60′′) for the 5 sources with opti-
cal sizes of D < 7′, and 26′×18′ maps for the remain-
ing 10 galaxies. A map size of 28′×20′ was used for
NGC 5055. With 20 coverages per target, we achieved a
0.3mJy/beam rms noise. The total on-source observing
times are 200min (=20×10min) for the 18′×10′ maps,
320min (=20×16min) for the 26′×18′ maps, and 480min
(=20×24min) for NGC 5055.
The pointed observations were reduced using the pro-
gram package Toolbox2. The resulting fluxes were then
corrected for opacity and pointing offsets. After cor-
recting for various effects including the gain curve, the
conversion from Kelvin to Jansky was applied. The er-
rors reported in Table 5 are uncertainties in fitting the
cross-scan profiles.
2.1.2. The 20 cm observations
No archival 20 cm data existed for 10 large galaxies
(> 10′ in extent). Hence, they were observed in our last
run of observations (obs. code 20–10). The Effelsberg
maps at 20 cm (and 3.6 cm, see below) were scanned al-
ternating in RA and DEC with one-horn systems and
combined using the spatial-frequency weighting method
by Emerson & Graeve (1988). We obtained maps of
51′ × 51′ for all these galaxies but NGC 5457 (M 101)
for which a map of 90′ × 90′ was obtained due to its
large size. The beam size at 20 cm is 9.′15 and we used
a sampling of 3′ and a scanning velocity of 3 deg/min.
In order to reach the rms noise of about 6mJy/beam,
we used 4 coverages of 12min exposure time for each
galaxy (4×26min for M101).
2.1.3. The 3.6 cm observations
At 3.6 cm, we observed 7 galaxies with a grid size of
30′′ and a scanning velocity of 20′/min. With 13 cov-
erages, we reached an rms noise of 0.5mJy/beam. The
beam size at 3.6 cm is 1.5′. The map sizes are provided
in Table 4.
The data reduction was performed using the NOD2
(and NOD3, Mu¨ller et al. in prep.) data reduction sys-
tem (Haslam 1974). The maps were reduced using the
program package Ozmapax. In order to remove scanning
effects due to ground radiation, weather condition, and
receiver instabilities, we applied the scanning removal
program, Presse, of Sofue & Reich (1979) in the map-
ping mode.
Throughout our observations, the quasars 3C48,
3C138 , 3C147 and 3C286 were used as pointing, focus,
2 https://eff100mwiki.mpifr-bonn.mpg.de/
5Table 1. Basic properties of the galaxy sample.
Galaxy R.A. Dec. Hubble Sizea Inclinationb Distancec Nuclear log(TIR)d SFRc
Name (J2000) (J2000) Typea [′ × ′] [degrees] [Mpc] Typec [L⊙] [M⊙ yr
−1]
DDO053 08 34 07.2 +66 10 54 Im 1.5×1.3 31 3.61 ... 7.0 0.006
DDO154 12 54 05.2 +27 08 55 IBm 3.0×2.2 66 4.3 ... 6.9c 0.002
DDO165 13 06 24.8 +67 42 25 Im 3.5×1.9 61 4.57 ... 7.0c 0.002
HoI 09 40 32.3 +71 10 56 IABm 3.6×3.0 12 3.9 ... 7.1 0.004
IC0342 03 46 48.5 +68 05 46 SABcd 21.4×20.9 31 3.28 SF 10.1 1.87
IC2574 10 28 21.2 +68 24 43 SABm 13.2×5.4 53 3.79 SF 8.3 0.057
M81DwB 10 05 30.6 +70 21 52 Im 0.9×0.6 48 3.6 ... 6.5 0.001
NGC 0337 00 59 50.0 -07 34 41 SBd 2.9×01.8 52 19.3 SF 10.1 1.30
NGC 0584 01 31 20.7 -06 52 04 E4 4.2×2.3 58 20.8 ... 8.8 ...
NGC 0628 01 36 41.7 +15 47 01 SAc 10.5×09.5 25 7.2 ... 9.9 0.68
NGC 0855 02 14 03.6 +27 52 39 E 2.6×1.0 70 9.73 SF 8.6 ...
NGC 0925 02 27 17.1 +33 34 45 SABd 10.5×05.9 66 9.12 SF 9.7 0.54
NGC 1266 03 16 00.7 -02 25 38 SB0 1.5×01.0 32 30.6 AGN 10.4 ...
NGC 1377 03 36 39.1 -20 54 08 S0 1.8×0.9 62 24.6 ... 10.1 1.86
NGC 1482 03 54 38.9 -20 30 08 SA0 2.5×01.4 57 22.6 SF 10.6 3.57
NGC 2146 06 18 37.7 +78 21 25 Sbab 6.0×03.4 57 17.2 SF 11.0 7.94
NGC 2798 09 17 22.9 +42 00 00 SBa 2.6×01.0 68 25.8 SF/AGN 10.6 3.38
NGC 2841 09 22 02.6 +50 58 35 SAb 8.1×3.5 74 14.1 AGN 10.1 2.45
NGC 2976 09 47 15.3 +67 55 00 SAc 5.9×2.7 65 3.55 SF 8.9 0.082
NGC 3049 09 54 49.6 +09 16 17 SBab 2.2×1.4 61 19.2 SF 9.5 0.61
NGC 3077 10 03 19.1 +68 44 02 I0pec 5.4×4.5 33 3.83 SF 8.9 0.094
NGC 3184 10 18 16.9 +41 25 28 SABcd 7.4×6.9 16 11.7 SF 10.0 0.66
NGC 3190 10 18 05.6 +21 49 56 SAap 4.4×1.5 73 19.3 AGN 9.9 0.38
NGC 3198 10 19 54.9 +45 32 59 SBc 8.5×3.3 72 14.1 SF 10.0 1.01
NGC 3265 10 31 06.7 +28 47 48 E 1.3×1.0 46 19.6 SF 9.4 0.38
NGC 3351 10 43 57.7 +11 42 13 SBb 7.4×5.0 41 9.93 SF 9.9 0.58
NGC 3521 10 05 48.6 -00 02 09 SABbc 11.0×5.1 73 11.2 SF/AGN 10.5 1.95
NGC 3627 11 20 14.9 +12 59 30 SABb 9.1×4.2 62 9.38 AGN 10.4 1.70
NGC 3773 11 38 13.0 +12 06 44 SA0 1.2×1.0 34 12.4 SF 8.8 0.16
NGC 3938 11 52 49.4 +44 07 15 SAc 5.4×4.9 25 17.9 SF 10.3 1.77
NGC 4236 12 16 42.1 +69 27 45 SBdm 21.9×7.2 72 4.45 SF 8.7 0.13
NGC 4254 12 18 49.6 +14 24 59 SAc 5.4×4.7 29 14.4 SF/AGN 10.6 3.92
NGC 4321 12 22 54.8 +15 49 19 SABbc 7.4×6.3 32 14.3 AGN 10.5 2.61
NGC 4536 12 34 27.0 +02 11 17 SABbc 7.6×3.2 67 14.5 SF/AGN 10.3 2.17
NGC 4559 12 35 57.7 +27 57 36 SABcd 10.7×4.4 66 6.98 SF 9.5 0.37
NGC 4569 12 36 49.8 +13 09 47 SABab 9.5×4.4 64 9.86 AGN 9.7 0.29
NGC 4579 12 37 43.5 +11 49 05 SABb 5.9×4.7 38 16.4 AGN 10.1 1.10
NGC 4594 12 39 59.4 -11 37 23 SAa 8.7×3.5 69 9.08 AGN 9.6 0.18
NGC 4625 12 41 52.6 +41 16 26 SABmp 2.2×1.9 30 9.3 SF 8.8 0.052
Note—a- NASA Extragalactic Database, b- Hunt et al. (2015) and references therein, c- Kennicutt et al. (2011) and
references therein, d- Dale et al. (2012)
6Table 2. Table 1 continued.
Galaxy R.A. Dec. Hubble Sizea Inclinationb Distancec Nuclear log(TIR)d SFRc
Name (J2000) (J2000) Typea [′ × ′] [degrees] [Mpc] Typec [L⊙] [M⊙ yr
−1]
NGC 4631 12 42 08.0 +32 32 29 SBd 15.5×2.7 83 7.62 SF 10.4 1.70
NGC 4725 12 50 26.6 +25 30 03 SABab 10.7×7.6 45 11.9 AGN 9.9 0.44
NGC 4736 12 50 53.1 +41 07 13 SAab 11.2×9.1 41 4.66 AGN 9.8 0.38
NGC 4826 12 56 43.7 +21 41 00 SAab 10.0×5.4 65 5.27 AGN 9.6 0.26
NGC 5055 13 15 49.3 +42 01 46 SAbc 12.6×7.2 59 7.94 AGN 10.3 1.04
NGC 5457 14 03 12.6 +54 20 57 SABcd 28.8×26.9 18 6.7 SF 10.4 2.33
NGC 5474 14 05 01.5 +53 39 45 SAcd 4.8×4.3 26 6.8 SF 8.8 0.091
NGC 5713 14 40 11.5 -00 17 20 SABbcp 2.8×2.5 33 21.4 SF 10.5 2.52
NGC 5866 15 06 29.5 +55 45 48 S0 4.7×01.9 68 15.3 AGN 9.8 0.26
NGC 6946 20 34 52.3 +60 09 14 SABcd 11.5×9.8 33 6.8 SF 10.5 7.12
NGC 7331 22 37 04.1 +34 24 56 SAb 10.5×03.7 76 14.5 AGN 10.7 2.74
M51 13 29 56.2 +47 13 50 SAbc 11.2×6.9 22 7.6e AGNf 10.5g 5.0
Note—a- NASA Extragalactic Database, b- Hunt et al. (2015) and references therein, c- Kennicutt et al. (2011) and
references therein, d- Dale et al. (2012), e- Ciardullo et al. (1988), f - Matsushita et al. (2004), g- Rujopakarn et al. (2013)
7Table 3. Effelsberg projects
Project Code Observation Date
78–08 December 2008
10–09 December 2009
20–10 April 2010
72–10 December 2010 & March 2012
and flux calibrators.
2.2. Other data
The Effelsberg observations complement the already
available radio data sets for the KINGFISH sample,
which were mainly picked from the NVSS (Condon et al.
1998) at 20 cm and the Atlas of Shapley-Ames Galax-
ies at 2.8 cm (Niklas et al. 1995). Depending on the
galaxy/wavelength, we also used the archival Effelsberg
radio data (see Table 5).
Herschel data were used to compare the radio and
IR SEDs. The sample was observed with the Her-
schel Space Observatory as part of the KINGFISH
project (Kennicutt et al. 2011) as described in detail
in Dale et al. (2012), Aniano et al. (2012). Although
we used the calibrations by Dale et al. (2012), the
newer calibrations reported by Hunt et al. (2015) change
the luminosities by no more than 10-15%, within the
20% uncertainties quoted here. Table 5 lists the to-
tal IR luminosities (TIR) based on Herschel PACS
(Poglitsch et al. 2010) and SPIRE (Griffin et al. 2010)
data.
We also used the Spitzer MIPS 24µm and the Hα data
from SINGS (Dale et al. 2007; Kennicutt et al. 2003),
and the FUV data from GALEX (Gil de Paz et al. 2007)
as star formation tracers.
3. RADIO SPECTRAL ENERGY DISTRIBUTIONS
Table 5 lists the integrated radio flux densities at var-
ious frequencies. The integration was performed up to
the optical radius in order to be consistent with the mea-
surements in the IR (Dale et al. 2012) (see Sect. 7.3).
The background estimate was determined far beyond the
optical radius. In those cases where particularly bright
background radio sources were present in the field, such
sources were first interactively blanked from the image,
before integration. The integrated radio flux densities
can be uncertain in different ways via the calibration
uncertainty, map fluctuations, and the baselevel uncer-
tainty of the single-dish observations. The calibration
error (δcal) of the Effelsberg observations is ≃5% at
3.6 cm and 6 cm, and ≃2% at 20 cm (the error in the ab-
solute scale of the radio flux densities is similar , ≃5%,
at different wavelengths, Baars et al. 1977). The error
Table 4. Observing modes and covering areas of the galaxies
observed with the 100-m telescope at the three wavelengths.
Galaxy 3.6 cm 6 cm 20 cm
DDO053 ... pointed ...
DDO154 ... pointed ...
DDO165 ... pointed ...
HoI ... pointed ...
IC2574 21′ × 14′ ... ...
M81DwB ... pointed ...
NGC 0337 10′ × 10′ pointed ...
NGC 0584 ... pointed ...
NGC 0628 21′ × 21′ 26′ × 18′ 51′ × 51′
NGC 0855 ... pointed ...
NGC 0925 ... 26′ × 18′ 51′ × 51′
NGC 1266 10′ × 10′ pointed ...
NGC 1377 ... pointed ...
NGC 1482 10′ × 10′ pointed ...
NGC 2146 ... 18′ × 10′ ...
NGC 2798 10′ × 10′ pointed ...
NGC 2841 ... 26′ × 18′ ...
NGC 2976 ... 26′ × 18′ ...
NGC 3049 ... pointed ...
NGC 3077 ... 18′ × 10′ ...
NGC 3184 ... 26′ × 18′ ...
NGC 3190 ... pointed ...
NGC 3198 ... 26′ × 18′ ...
NGC 3265 ... pointed ...
NGC 3351 ... 26′ × 18′ ...
NGC 3521 ... ... 51′ × 51′
NGC 3773 ... pointed ...
NGC 3938 ... 26′ × 18′ ...
NGC 4559 ... 26′ × 18′ 51′ × 51′
NGC 4625 ... pointed
NGC 4725 42′ × 28′ 26′ × 18′ 51′ × 51′
NGC 4736 ... 51′ × 51′
NGC 4826 ... 26′ × 18′ 51′ × 51′
NGC 5055 ... 28′ × 20′ 51′ × 51′
NGC 5457 ... ... 90′ × 90′
NGC 5474 ... pointed ...
NGC 5713 ... pointed ...
NGC 5866 25′ × 25′ 18′ × 10′ ...
NGC 7331 ... 26′ × 18′ 51′ × 51′
Note—The sizes refer to the areas of the observations.
The center of the areas are the galaxy centers. Pointed
means cross-scan observing mode. See text for details.
8due to the map fluctuations is given by
δrms = σrms
√
Nbeam = σrms
a
θ
√
N
1.133
, (1)
where σrms is the rms noise level, Nbeam the number of
beams, θ the angular resolution, N the number of pix-
els, and a the pixel size. The error due to the baselevel
uncertainty is δbase = σ0 Nbeam with σ0 the zero level
uncertainty (σ0 = 0.2 σrms for the Effelsberg measure-
ments). The total error in the integrated flux densities
is hence δ =
√
δ2cal + δ
2
rms + δ
2
base, which is ≃7% at 3.6,
≃6% at 6 cm, and ≃4% at 20 cm averaged over the ob-
served galaxy sample.
3.1. Modeling the radio SED
The radio continuum (RC) spectrum is often taken as
power law
Sν = Aν
−α, (2)
where α is the power-law index, ν the frequency, and
A a constant factor. However, at frequencies 1< ν <
10GHz, the RC emission is mainly due to two different
mechanisms, the free-free emission from thermal elec-
trons and the nonthermal emission from relativistic elec-
trons. In terms of these mechanisms, and assuming the
optically thin condition for the thermal emission3, the
RC spectrum can be expressed as
Sν = S
th
ν + S
nt
ν = A1 ν
−0.1 +A2 ν
−αnt , (3)
where αnt is the nonthermal spectral index and A1 and
A2 are constant scaling factors. We note that, globally,
αnt represents the dominant energy loss mechanism ex-
perienced by the CRE population after injection from
their sources in a galaxy over the 1-10GHz frequency
range. To avoid dependencies on the units of the fre-
quency space, Eq. (3) can be written as
Sν = A
′
1 (
ν
ν0
)−0.1 +A2 ν
−αnt
0 (
ν
ν0
)−αnt , (4)
with A′1 = ν
−0.1
0 A1. The thermal fraction at the refer-
ence frequency ν0 is hence given by:
fth(ν0) ≡ Sthν0/Sν0 =
A′1
Sν0
. (5)
We used a Bayesian MCMC interface to fit the above
model to the flux densities and derive the model pa-
rameters. This approach provides robust statistical con-
straints on the fit parameters as it is based on a wide
library of models encompassing all plausible parameter
combinations. Given an observed galaxy, the likelihood
distribution of any physical parameter can be derived
3 The thermal term in this expression is equivalent to the Planck
function for an optically thin ionized gas which is usually valid in
the ISM and in star forming regions on ≥sub-kpc scales.
by evaluating how well each model in the library ac-
counts for the observed properties of the galaxy. The
underlying assumption is that the library of models is
the distribution from which the data were randomly
drawn. Thus, the prior distribution of models must be
such that the entire observational space is reasonably
well sampled, and that no a priori implausible corner
of parameter space accounts for a large fraction of the
models (e.g., da Cunha et al. 2008). We built a model
library by generating random combinations of the pa-
rameters. To include all possible mechanisms of gener-
ation, acceleration, and cooling of cosmic ray electrons,
we take αnt to be uniformly distributed over the interval
from 0 to 2.2 including injection with αnt ∼0.5-0.7 (e.g.
Longair 1994; Berkhuijsen 1986) to synchrotron and in-
verse Compton cooling with αnt ∼1-1.2. The normal-
ization factors A′1 and A2 are sampled uniformly in the
wide ranges −1 < A′1 < 1 and −1 < A2 < 30, leading
to flux densities in Jy. The negative values are not physi-
cally motivated but are included to assess the robustness
of the final results and particularly the necessity for the
thermal term.
Using the emcee code (Foreman-Mackey et al. 2013),
we obtained the range of probable values (posteriors)
for each parameter. The median of the posterior prob-
ability distribution function (PDF) is then used as the
reported result. The uncertainties were then taken as
the median percentile± 34% (or 16%, 84%, equal-tailed
interval). Figure 1 shows the posterior PDFs of A′1,
A2, and αnt for 9 representative galaxies. The scatter
plots between each posterior pair are also shown in the
same figure. To have more constrained outputs, we ap-
plied this method to galaxies with ≥ 3 data points4.
Hence, the galaxies with not enough detections/data
points were excluded (DDO053, DDO154, DDO165,
HoI, M81DwB, NGC 0584, NGC 0855, NGC 0925,
NGC 1377, NGC 3198, NGC 3351, NGC 3773,
NGC4625, NGC5474).
3.2. KINGFISH radio SED parameters
Figs. B1 and B2 show the final modeled SEDs. Five
galaxies, IC0342, NGC1482, NGC3077, NGC4236, and
NGC4579, fit into the single-component model only.
Fitting the double-component model leads to negative
thermal fractions in these galaxies which are not real-
istic and do not agree with other thermal-nonthermal
decomposition methods (see Appendix). Inconsistent
radio flux densities collected from the archive, or pres-
4 We note that, unlike the χ2 method, the Bayesian MCMC
method is not limited by the number of data points/degree of
freedom as it looks for ranges of probable answers. Although the
more number of data points with smaller errors leads to more
localized PDFs or smaller ranges of uncertainty.
9Table 5. Radio monochromatic flux densities and the MRC luminosities.
Galaxy S10.7GHz2.8cm S
8.4GHz
3.6cm S
5GHz
6cm S
4.8GHz
6.2cm S
3.7GHz
8.1cm S
2.7GHz
11.1cm S
1.4GHz
20cm S
1.36GHz
22cm MRC B
Name [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] log [L⊙] [µG]
DDO053 ... ... ... 0.8± 0.2a ... ... ... ... ... ...
DDO154 ... ... ... <0.45a ... ... <1.5d ... ... ...
DDO165 ... ... ... <0.43a ... ... <1.5d ... ... ...
HoI ... ... ... 1.1± 0.5a ... ... <1.5d ... ... ...
IC0342 ... 430± 110b ... 860± 160b ... ... 1800± 300b ... 4.36 ...
IC2574 ... 8.3± 1.3a ... 10± 1c ... ... 19± 8c ... 2.63 4.00.90.5
M81DwB ... ... ... <0.46a ... ... ... ... ... ...
NGC 0337 ... 15± 1a ... 32± 2a ... ... 110± 4d ... 4.56 14.31.81.3
NGC 0584 ... ... ... 1.5± 0.4a ... ... <1.5d ... ... ...
NGC 0628 46± 6e 52± 5a ... 65± 7a ... ... 200± 10a 200± 10f 4.03 8.51.51.3
NGC 0855 ... ... ... 3.2± 0.7a ... ... 4.5d ... ... ...
NGC 0925 38± 6e ... ... ... ... ... 90± 10f ... ... ...
NGC 1266 ... 20± 1a ... 35.0± 6.0a ... ... 115± 4d ... 5.0 18.24.74.2
NGC 1377 ... ... ... 52.5± 1.2a ... ... <1.5d ... ... ...
NGC 1482 ... 40.2± 2.1a ... 87.5± 4.9a ... ... 238± 8d ... 5.06 ...
NGC 2146 224± 6e ... 472± 25g 439± 21a ... ... 1074± 40d 1100± 10f 5.59 27.37.85.2
NGC 2798 ... 23± 1.5a ... 33.8± 2.5a ... ... 82± 3d ... 4.83 19.15.24.2
NGC 2841 14± 10e ... 34± 11v 38± 4a ... 45± 9g ... 100± 7f 4.30 15.02.53.1
NGC 2976 21± 3e ... ... 39± 3a ... ... 125± 10d ... 3.18 6.71.30.7
NGC 3049 ... ... ... 4.8± 0.4a ... 8± 4h 12± 2d ... 3.73 8.82.51.0
NGC 3077 13± 1e ... ... 23±1 a ... ... 30± 2d ... 2.88 ...
NGC 3184 16± 8e ... ... 28± 3a ... ... 77± 2x 80± 5f 4.06 8.73.41.7
NGC 3190 15± 7e ... ... 13.5± 0.5a ... 22±3 h 42± 8t ... 4.18 13.52.62.1
NGC 3198 <3e ... ... 12± 1a ... ... ... 49± 5f ... ...
NGC 3265 ... 3.5± 0.5a ... 5.7± 0.6a ... ... 10.1± 0.9d ... 3.72 8.22.21.6
NGC 3351 14± 2e ... ... ... ... ... 43± 10d ... ... ...
NGC 3521 80± 20e ... ... 170± 14i ... 300± 60j 560± 20a ... 4.82 19.62.32.2
NGC 3627 100± 10e ... 177± 23v 181± 41b ... ... ... 500± 10f 4.68 16.15.44.5
NGC 3773 ... ... ... 2.9± 0.3a ... ... ... ... ... ...
NGC 3938 15± 4e ... ... 26.3± 1.5a ... ... ... 80± 5f 4.04 9.12.21.7
NGC 4236 9± 1e ... ... 23± 3c ... ... 48± 6c ... 3.07 ...
NGC 4254 93± 8e 102± 5k 135 ± 19v 167± 16k ... ... 512± 19k 510± 10f 5.02 16.52.13.0
NGC 4321 61± 5e 66± 6b ... 96± 5l ... ... ... 310± 10f 4.79 13.31.51.8
NGC 4536 39± 3m 42± 4m ... 80± 2m ... ... 205± 20d ... 4.69 17.31.41.2
NGC 4559 18± 11e ... 31± 11v 38± 3a ... ... 100± 4a 110± 10f 3.68 9.30.80.7
NGC 4569 30± 6e 36± 10b ... 57± 20s ... ... ... 170± 10f 4.13 11.74.94.3
NGC 4579 82± 4e 60± 10m 57± 17v 99± 10m ... ... 167± 25n ... 4.84 ...
NGC 4594 133± 8e ... ... 156± 13i ... ... 94± 20d ... ... ...
NGC 4625 ... ... ... 3.1± 0.3a ... ... 7.1± 0.2x ... ... ...
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Figure 1. Bayesian corner plots for the parameters A′1, A2, and αnt in Eq. 5 showing the posterior probability distribution
function (PDF) and their 0.16, 0.5, 0.86 percentiles (dashed lines) for 9 KINGFISH galaxies. The uncertainty contours show
that the posteriors have the highest probability to occur within the confidence intervals indicated.
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Table 6. Table 5 continued.
Galaxy S10.7GHz2.8cm S
8.4GHz
3.6cm S
5GHz
6cm S
4.8GHz
6.2cm S
3.7GHz
8.1cm S
2.7GHz
11.1cm S
1.4GHz
20cm S
1.36GHz
22cm MRC B
Name [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] log [L⊙] [µG]
NGC 4631 265± 12e 310± 16b ... 430± 20b ... ... 1122± 50w ... 4.69 24.73.02.5
NGC 4725 ... 19±1 a .. 30± 2a ... ... 92± 3a 100± 10f 4.11 10.21.91.8
NGC 4736 90± 18e ... 111± 10g 125± 10b ... ... 295± 5a 320± 10f 3.92 8.91.51.9
NGC 4826 29± 16e ... 58± 12v 54± 4a ... ... 126± 2a ... 3.63 8.72.21.7
NGC 5055 97± 8e ... 116± 21v 167± 8a 254± 51g 260± 20g 460± 5a 450± 10f 4.49 14.12.01.0
NGC 5457 152± 62g ... ... 310± 20b ... 442± 30g 760± 17a ... 4.61 12.91.21.9
NGC 5474 ... ... ... 5.0± 0.6a ... ... ... ... ... ...
NGC 5713 41± 3e 31± 1o ... 58.8± 2.7a ... ... 158± 6d ... 4.89 16.43.02.7
NGC 5866 ... 9.1± 0.6a 13± 6v 12.1± 0.8a ... ... 22± 1r ... 3.90 11.16.03.2
NGC 6946 376± 18b 422± 65p ... 660± 50b ... 794± 75b 1440± 100p ... 4.92 16.02.43.0
NGC 7331 77± 5e ... 94± 13v 173.8± 8.7a ... ... 540± 9a ... 5.00 23.62.31.8
M51 235± 32q 306± 26b ... 420± 80b ... 780± 50q 1400± 100z ... 4.95 15.53.53.4
Note—Upper limits at 20cm refer to the 3σ limit of the NVSS at these positions. a- This work, b- archival Effelsberg data
(IC0342: Beck (2015) NGC 4569: Chyz˙y et al. (2006), NGC 4631: Mora & Krause (2013), NGC 5457: Berkhuijsen et al.
(2016), NGC 6946: Ehle & Beck (1993) & Harnett et al. (1989), for the rest see Stil et al. (2009)), c-Chyz˙y et al. (2007a), d-
Condon et al. (1998), e-Niklas et al. (1995), f -Braun et al. (2007), g- Klein & Emerson (1981), h- Dressel & Condon (1978),
i-Griffith et al. (1995) and Griffith et al. (1994), j- Parkes Catalogue, 1990, Australia Telescope National Facility,
k-Chyz˙y et al. (2007b), l- Wez˙gowiec et al. (2012), m- Vollmer et al. (2004), n-Murphy et al. (2009), o- Schmitt et al. (2006),
p- Tabatabaei et al. (2013c), q-Klein et al. (1984), r-Brown et al. (2011), s- average of measurements by Chyz˙y et al. (2006)
and Vollmer et al. (2004), t- Gioia & Fabbiano (1987), v- Sramek (1975), w- White & Becker (1992), x- Condon et al. (2002),
z- Dumas et al. (2011). The MRC luminosity is calculated using Eq. (6).
ence of variable radio-loud AGN (as in the case of
NGC4579 hosting a LINER, e.g. Stauffer 1982) could
cause this failure. It is also possible that αnt changes
in the 1-10GHz frequency range for IC0342, NGC1482,
NGC3077, NGC4236, due to the apparent curvature in
their SED (Figs. B1 and B2). However, this cannot be
judged with only 3 data points available for these galax-
ies. Residuals between the thermal & nonthermal model
and the observed fluxes are less than 20% (modeled-
observed/observed) for most cases. Larger residuals
are found at the high-frequency end for NGC 3190,
NGC 4236, and NGC 5713. The galaxy NGC 4594 does
not fit into the either double- or single-component mod-
els as it shows an inverted spectrum. This galaxy is
known to host a strong radio variable source (a LINER,
see also Hummel et al. 1984). Hence this galaxy was
excluded from the rest of the analysis. The resulting
αnt, and the thermal fractions at 6cm, fth(6cm), and
at 20cm, fth(20cm), together with their uncertainties
are given in Table 7. Figure 2 illustrates the distribu-
tion of these parameters in the sample. The nonthermal
spectral index changes between 0.57+0.36−0.16 and 1.28
+0.32
−0.20
with a mean of αnt ≃ 0.97 (median of 0.99) and a
standard deviation of 0.16. The mean thermal fractions
are fth(6cm)= (23 ± 13)% and fth(20cm)= (10 ± 9)%
over the entire sample and errors are the standard devia-
tion. The dwarf irregular (Irr) galaxy IC 2574 shows the
highest thermal fraction in the sample (fth(6cm)∼55%,
fth(20cm)∼35%). The relatively high thermal fraction
in irregular galaxies was already known from previous
studies in the Magellanic clouds (Loiseau et al. 1987;
Jurusik et al. 2014). Plotting αnt against the thermal
fractions given in Table 7, we see no obvious trend or
correlation (Fig. 3). Hence, the method did not intro-
duce a correlation between the final parameters which,
in principle, could occur due to simultaneous fitting and
degeneracy.
In a separate run, we also determined the spectral in-
dex of the total continuum emission α following Eq.(2),
for all the sample, which disregards the flattening by the
thermal emission. A uniform prior was taken for α in
the range 0 < α < 2.2 and for the normalization
factor A in the range −1 < A < 30. For the galaxy
sample and in the 1.4-10.5GHz range, α changes from
0.40+0.07−0.04 to 1.08
+0.04
−0.03 with a mean value of α ≃ 0.79
and a standard deviation of 0.15 (Table 7).
The average α and αnt are slightly higher than those
reported by Israel & van der Hulst (1983), Gioia et al.
(1982), Klein & Emerson (1981), and Niklas et al.
(1997) as they included frequencies lower than 1GHz
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Figure 2. Top: histogram of the spectral index of the total
radio continuum emission, α, and its nonthermal component,
αnt, of the KINGFISH sample. Middle: histogram of the
thermal fractions at 6 cm and 20 cm. Bottom: the root mean
square deviation of the thermal+ nonthermal model from the
observation, RMSTNT, divided by the RMS assuming a single
power-law model with fixed spectral index of 0.8 (RMS0.8).
The first model leads to smaller deviations and hence it is
more realistic (the median RMSTNT/RMS0.8≃ 0.4).
Figure 3. The nonthermal spectral index αnt against the
thermal fraction at 20cm, fth(20cm), showing no correlation.
(ν ∼0.4-10.7GHz), i.e., the SED flattening domain. It
is important to note the wide range in the parame-
ters. Most importantly, the synchrotron spectral index
is not fixed in the sample (in agreement with Duric et al.
1988). We discuss the dependencies of αnt on star for-
mation properties in Sect. 7.1
An almost common assumption about the radio SED
is a single power-law model with a fixed spectral index
of 0.8. Figure 2-bottom shows that this simple model
leads, on average, to larger errors than the thermal +
nonthermal model.
4. MID-RADIO CONTINUUM LUMINOSITY
Integrating the SEDs over radio frequency intervals
is needed to study the total energy output of galaxies
emitted in the radio. This would provide a quantita-
tive way to study the energy balance between the radio
and non-radio domains (e.g. the IR domain) of the elec-
tromagnetic radiation emitted from galaxies. The total
energy budget of the radio continuum emission in the
mid-frequency range (MRC), is given by:
MRC =
∫ 10.5
1.4
Lν dν, (6)
with Lν = 4 piD
2 Sν and using Eq.(4) (Eq.(2) for the
few cases with the single power-law model as the only
possibility). The integration was performed using the
Simpson’s rule (see e.g. Numerical Recipes by Press et
al. 1992, 2nd edition, Section 4.2). The resulting MRC
luminosities are listed in Table 5. The MRC bolometric
luminosity varies over ∼3 orders of magnitude in the
sample, 4.3 × 102L⊙ <MRC< 3.9 × 105L⊙ (Fig. 4)
with a mean luminosity of 4.8× 104L⊙ (median of 3.1×
104 L⊙). The thermal MRC luminosity,
MRCth =
∫ 10.5
1.4
Lthν dν, (7)
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Table 7. Radio SED parameters of the KINGFISH sample.
Galaxy αnt fth(6cm) fth(20cm) α
IC0342 ... ... ... 0.750.140.11
IC2574 0.920.210.07 0.55
0.14
0.12 0.35
0.08
0.06 0.50
0.05
0.04
NGC 0337 1.130.120.05 0.08
0.09
0.03 0.03
0.02
0.01 1.08
0.04
0.03
NGC 0628 1.180.170.13 0.44
0.11
0.12 0.15
0.04
0.04 0.84
0.03
0.03
NGC 1266 1.030.200.16 0.08
0.15
0.20 0.03
0.07
0.09 0.97
0.03
0.03
NGC 1482 ... ... ... 0.960.030.03
NGC 2146 0.710.200.13 0.02
0.20
0.25 0.01
0.10
0.12 0.68
0.03
0.02
NGC 2798 0.730.190.15 0.07
0.10
0.18 0.03
0.07
0.13 0.70
0.03
0.03
NGC 2841 1.060.140.19 0.22
0.07
0.21 0.10
0.04
0.11 0.81
0.09
0.08
NGC 2976 1.130.210.08 0.27
0.20
0.14 0.09
0.07
0.04 0.93
0.07
0.07
NGC 3049 0.860.240.06 0.31
0.27
0.25 0.15
0.14
0.13 0.75
0.11
0.15
NGC 3077 ... ... ... 0.400.070.04
NGC 3184 1.060.400.18 0.39
0.25
0.20 0.15
0.08
0.07 0.82
0.17
0.12
NGC 3190 0.990.190.15 0.18
0.10
0.11 0.07
0.4
0.05 0.89
0.05
0.02
NGC 3265 0.850.210.13 0.33
0.10
0.07 0.19
0.06
0.04 0.73
0.05
0.02
NGC 3521 1.040.090.08 0.15
0.18
0.21 0.05
0.04
0.06 0.95
0.08
0.08
NGC 3627 0.890.220.15 0.16
0.20
0.24 0.06
0.08
0.09 0.79
0.03
0.02
NGC 3938 1.040.230.16 0.28
0.20
0.22 0.10
0.08
0.09 0.87
0.03
0.02
NGC 4236 ... ... ... 0.760.020.02
NGC 4254 1.030.090.16 0.20
0.09
0.14 0.07
0.04
0.05 0.88
0.03
0.03
NGC 4321 1.190.120.15 0.43
0.07
0.20 0.15
0.02
0.10 0.84
0.03
0.04
NGC 4536 0.910.070.06 0.12
0.06
0.04 0.04
0.03
0.02 0.85
0.05
0.05
NGC 4559 1.200.050.03 0.31
0.25
0.30 0.13
0.10
0.12 0.92
0.14
0.16
NGC 4569 1.280.320.20 0.25
0.15
0.18 0.10
0.04
0.05 1.01
0.08
0.09
NGC 4579 ... ... ... 0.500.030.03
NGC 4631 0.880.100.08 0.23
0.09
0.11 0.10
0.04
0.05 0.73
0.01
0.01
NGC 4725 1.100.200.18 0.25
0.13
0.15 0.08
0.04
0.04 0.88
0.02
0.01
NGC 4736 0.990.150.19 0.25
0.15
0.20 0.12
0.04
0.05 0.73
0.01
0.01
NGC 4826 0.870.210.16 0.30
0.25
0.27 0.15
0.013
0.014 0.68
0.05
0.04
NGC 5055 0.900.120.05 0.17
0.18
0.22 0.07
0.06
0.08 0.78
0.02
0.03
NGC 5457 0.970.070.13 0.20
0.13
0.16 0.08
0.06
0.07 0.75
0.04
0.03
NGC 5713 0.890.160.14 0.04
0.15
0.20 0.01
0.08
0.10 0.87
0.02
0.02
NGC 5866 0.570.360.16 0.15
0.20
0.15 0.10
0.12
0.08 0.48
0.04
0.04
NGC 6946 0.770.100.13 0.24
0.12
0.20 0.10
0.05
0.08 0.67
0.04
0.05
NGC 7331 1.100.090.06 0.12
0.15
0.13 0.04
0.06
0.05 1.00
0.02
0.01
M51 0.950.090.10 0.15
0.12
0.14 0.05
0.04
0.05 0.86
0.02
0.03
Figure 4. Distribution of the mid-radio continuum luminos-
ity MRC of the galaxies.
(Lthν = 4 piD
2 Sthν ) is about 5% to 60% of the MRC, de-
pending on the galaxy. On average, the thermal emis-
sion provides about 23% of the total energy budget emit-
ted at 1-10GHz in the sample.
To estimate the uncertainties in the MRC luminosi-
ties due to the uncertainties in the SED parameters αnt
and fth, we first generated random datasets (100 mock
datasets) assuming that they are uniformly distributed
within their uncertainty intervals. Then the MRC inte-
gration (Eq.(6)) was performed for each of these mock
datasets. This leads to a distribution of 100 values for
the MRC luminosity. We then took the 68% confidence
interval (1 σ) as the uncertainty value.
4.1. Contribution of the standard bands to the MRC
radio energy budget
Taking into account the galaxy distances, the average
radio SED is characterized and integrated over a slightly
more extended frequency range 1-12GHz which covers
all the 4 standard radio bands L (1-2GHz), S (2-4GHz),
C (4-8GHz), and X (8-12GHz). To investigate the ener-
getics and contributions of these standard bands to the
1-12GHz total energy budget, we determined the lumi-
nosity densities of the bands by integrating the average
SED over the frequency width of the bands. Table 8
shows the band-to-total ratio of the luminosity densities
as well as the thermal contribution at each band. The C
band centered at 6 cm provides the highest contribution
in the total energy budget, though the band-to-band dif-
ferences are not striking. Thermal sources provide 38%
of the energy emitted in the X band, highest among the
bands as expected. Condon et al. (1991) modeled radio
spectrum of a sample of compact starbursts via〈
Snt
Sth
〉
∼ 10
( ν
1GHz
)0.1−αnt
.
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Table 8. Relative contribution of the radio bands in 1-
12GHz bolometric luminosity.
Radio band S/S1−12GHz Sth/S
L (1-2GHz) 24% 10%
S (2-4GHz) 26% 17%
C (4-8GHz) 30% 27%
X (8-12GHz) 20% 38%
Taking the same αnt as that of the average SED (αnt ≃
1), this model leads to 13%, 21%, 33%, and 44% thermal
fraction at the central frequencies of the L, S, C, and
X bands, respectively, which are slightly higher than
the bolometric measurements in Table 8. Instead, the
following relation:〈
Snt
Sth
〉
∼ 13
( ν
1GHz
)0.1−αnt
, (8)
reproduces the thermal fractions at mid-radio frequen-
cies with a higher precision for the average SED in the
sample.
5. RADIO BASED CALIBRATIONS
Measuring the rate at which massive stars form in
galaxies is key to understand the formation and evo-
lution of galaxies. Various lines and continuum emis-
sion data have been used so far as SFR diagnostics,
each with its advantages and shortcomings (for a re-
view see Kennicutt & Evans 2012). The most frequently
used tracers, Hα and UV (rest frame 125-250nm) emis-
sion, are directly related to massive star formation pro-
cess, but they could be obscured or attenuated by in-
terstellar dust. This has motivated the use of hybrid
star formation tracers combining two or more differ-
ent tracers including the IR emission to correct for
the dust attenuation. The use of the IR emission it-
self as a SFR tracer is shadowed by a contribution
from other sources/mechanisms irrelevant to massive
star formation such as interstellar dust heating by solar-
mass stars (e.g. Calzetti et al. 2010; Xu 1990) and emis-
sion from the atmosphere of carbon stars (mainly in
mid-IR, e.g., Lu et al. 2014; Tabatabaei & Berkhuijsen
2010; Verley et al. 2009). The radio continuum emis-
sion is an ideal SFR tracer as a) it is not attenuated
by dust, b) it emerges from different phases of mas-
sive star formation from young stellar objects to HII
regions and SNRs, and c) no other tracer is needed to
be combined with. Even the diffuse emission, that is
mainly nonthermal (e.g. Tabatabaei et al. 2007), also
traces massive stars in normal star forming galaxies5
but those occurred in the past: The CRE lifetime is
tsyn ≃ 1.06×109 yr ( BµG )−1.5 ( νGHz )−0.5 ∼ 10Myr at 6cm
(ν = 4.85GHz) where B = 13.5µG (see Sect. 6). Hence,
the radio SFRs must provide a more precise measure of
the rate of massive star formation in a galaxy than the
common non-radio SFRs.
As follows, we calibrate the SFR, globally, using the
monochromatic radio luminosities at 6 cm and 20 cm.
The radio SFR tracers are further compared with the
standard non-radio tracers. We also present a SFR cal-
ibration relation using the bolometric MRC luminos-
ity. Moreover, we construct a MRC calibration relation
using the monochromatic radio luminosities at 6 and
20 cm.
5.1. Comparison of radio SFRs with standard SFR
diagnostics
Taking advantage of the thermal and nonthermal
emission separated through the SED analysis, we can
now derive the radio SFR calibration relations directly
and independently from the IR SFR relations (i.e., the
radio-IR correlation, e.g., Condon et al. 2002). We fur-
ther compare the radio and the commonly used SFR
tracers, the 24µm, Hα and FUV emission. A good cor-
relation between those SFR tracers is the first require-
ment to calibrate the non-radio SFRs with the radio
SFRs, particularly the thermal radio SFR as an ideal
star formation diagnostic (Murphy et al. 2011).
Assuming a solar metallicity and continuous star for-
mation, and using a Kroupa IMF, Murphy et al. (2011)
obtained a general calibration relation for the thermal
radio emission:(
SFRthν
M⊙ yr−1
)
= 4.6 × 10−28
(
Te
104K
)−0.45
(9)
×
( ν
GHz
)0.1( Lthν
erg s−1Hz−1
)
,
where Te is the electron temperature and L
th
ν is the ther-
mal radio luminosity. At 6 cm and for Te = 10
4K, this
becomes(
SFRth6cm
M⊙ yr−1
)
= 1.11 × 10−37
(
νLthν (6cm)
erg s−1
)
, (10)
We note that the electron temperature could exceed the
typical value of Te = 10
4K in low-metallicity dwarf
galaxies. A mean temperature of Te = 14000K has
been found to be more representative in these objects
(Nicholls et al. 2014), leading to 14% decrease in the
above calibration factor.
5 The diffuse synchrotron emission in starburst galaxies is likely
dominated by secondary CREs produced in their ISM dense gas
(e.g., Lacki & Beck 2013).
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Similarly, the thermal radio SFR at 20 cm is:(
SFRth20cm
M⊙ yr−1
)
= 3.29 × 10−37
(
νLthν (20cm)
erg s−1
)
. (11)
Calibrating between the supernova rate and the SFR
using the output of Starburst99, and using the empir-
ical relations between supernova rate and nonthermal
spectral luminosity of the Milky Way (Tammann 1982;
Condon & Yin 1990), Murphy et al. (2011) found the
following relation for the nonthermal synchrotron emis-
sion, (
SFRntν
M⊙ yr−1
)
= 6.64 × 10−29
( ν
GHz
)αnt
(12)
×
(
Lntν
erg s−1Hz−1
)
At 6 cm, one obtains(
SFRnt6cm
M⊙ yr−1
)
= 1.37 × 10−38 (4.85)αnt (13)
×
(
νLntν (6cm)
erg s−1
)
,
and at 20cm,(
SFRnt20cm
M⊙ yr−1
)
= 4.58 × 10−38 (1.45)αnt (14)
×
(
νLntν (20cm)
erg s−1
)
.
The αnt determined in Sect. 3.1 (see Table 7) was used
in the above relations (Eqs. 13, 14) to calculate the non-
thermal radio SFRs at 6 cm and 20 cm.
As the total RC emission is a combination of the ther-
mal and nonthermal emission, Eqs.(9) and (12) lead to
the following general expression for the SFR based on
the RC (Murphy et al. 2011):
(
SFRRCν
M⊙ yr−1
)
= 10−27 [2.18
(
Te
104K
)0.45
×
( ν
GHz
)−0.1
+ 15.1
( ν
GHz
)−αnt
]−1
×
(
Lν
erg s−1Hz−1
)
(15)
For instance, the case of Te = 10
4K and αnt = 1 leads
to the following SFR calibration relations:(
SFRRC6cm
M⊙ yr−1
)
= 4.1× 10−38
(
νL6cm
erg s−1
)
, (16)
and (
SFRRC20cm
M⊙ yr−1
)
= 5.5× 10−38
(
νL20cm
erg s−1
)
. (17)
As non-radio extinction-corrected SFR tracers, the
24µm emission as well as the hybrid diagnostics
Table 9. SFR calibrations using radio continuum.
X Y b a r σ
I)
SFRth6cm SFRHα 1.13 ± 0.13 -0.03± 0.06 0.77 0.32
SFRnt6cm SFRHα 0.89 ± 0.08 -0.33± 0.07 0.75 0.32
SFRRC6cm SFRHα 0.94 ± 0.08 -0.27± 0.06 0.78 0.32
SFRth20cm SFRHα 1.12 ± 0.13 0.01 ± 0.05 0.74 0.34
SFRnt20cm SFRHα 0.88 ± 0.08 -0.32± 0.07 0.76 0.34
SFRRC20cm SFRHα 0.90 ± 0.08 -0.29± 0.06 0.77 0.33
SFRth6cm SFRFUV 1.11 ± 0.11 0.03 ± 0.03 0.86 0.27
SFRnt6cm SFRFUV 0.80 ± 0.08 -0.29± 0.06 0.89 0.24
SFRRC6cm SFRFUV 0.86 ± 0.07 -0.23± 0.05 0.91 0.22
SFRth20cm SFRFUV 1.15 ± 0.12 0.07 ± 0.03 0.83 0.30
SFRnt20cm SFRFUV 0.78 ± 0.07 -0.25± 0.05 0.89 0.24
SFRRC20cm SFRFUV 0.81 ± 0.07 -0.23± 0.06 0.90 0.23
SFRth6cm SFR24µm 1.07 ± 0.10 -0.04± 0.04 0.84 0.28
SFRnt6cm SFR24µm 0.76 ± 0.04 -0.33± 0.04 0.94 0.17
SFRRC6cm SFR24µm 0.81 ± 0.04 -0.28± 0.03 0.95 0.15
SFRth20cm SFR24µm 1.08 ± 0.10 0.01 ± 0.04 0.82 0.30
SFRnt20cm SFR24µm 0.74 ± 0.04 -0.31± 0.04 0.95 0.16
SFRRC20cm SFR24µm 0.77 ± 0.04 -0.29± 0.04 0.95 0.16
II)
SFRRC6cm SFRHα 0.80 ± 0.07 -0.17± 0.05 0.79 0.33
SFRRC20cm SFRHα 0.79 ± 0.06 -0.22± 0.05 0.81 0.31
SFRMRC SFRHα 1.05 ± 0.07 0.11 ± 0.02 0.85 0.28
SFRRC6cm SFRFUV 0.82 ± 0.08 -0.19± 0.06 0.88 0.26
SFRRC20cm SFRFUV 0.78 ± 0.07 -0.22± 0.05 0.90 0.24
SFRMRC SFRFUV 1.03 ± 0.08 0.10 ± 0.02 0.91 0.23
SFRRC6cm SFR24µm 0.76 ± 0.05 -0.23± 0.04 0.93 0.20
SFRRC20cm SFR24µm 0.75 ± 0.04 -0.26± 0.03 0.95 0.18
SFRMRC SFR24µm 1.00 ± 0.04 0.04 ± 0.02 0.96 0.15
Note—The linear fits in logarithmic scales
(logY = b logX + a) obtained using the bisector least
square fit (Isobe et al. 1990) with σ the scatter around the
fit for I) the galaxies with both the thermal and nonthermal
components (Fig. 5) and II) the entire sample (Fig. 6).
Hα+24µm and FUV+24µm were used. The hybrid
diagnostics could be expressed as the Hα and FUV emis-
sion corrected for extinction. The observed Hα luminos-
ity is corrected following Kennicutt et al. (2009):
LHαcorr = LHαobs + 0.02L24µm.
We corrected the FUV emission for obscursion by dust
using the Hao et al. (2011) calibration relation given for
galaxy luminosities:
LFUVcorr = LFUVobs + 3.89L24µm.
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We note that, in this relation, the calibration factor
of the 24µm term could change galaxy-by-galaxy de-
pending on their stellar population and their contri-
bution in the interstellar radiation field as shown by
(Boquien et al. 2016) for few KINGFISH galaxies.
The SFR can be estimated using the corrected Hα
luminosity,(
SFRHαcorr
M⊙ yr−1
)
= 5.37× 10−42
(
LHαcorr
erg s−1
)
, (18)
which is a measure of the current star formation activity
(. 10 Myr Murphy et al. 2011).
The FUV emission traces a wider range of stellar ages
and is sensitive to recent (.100Myr) star formation
activity (Kennicutt 1998; Calzetti et al. 2005). As in
Murphy et al. (2011), we derived the SFR based on the
corrected FUV luminosity using(
SFRFUVcorr
M⊙ yr−1
)
= 4.42× 10−44
(
LFUVcorr
erg s−1
)
. (19)
The mid-IR emission at 24µm has been widely
used as a SFR tracer as well (e.g. Wu et al. 2005;
Calzetti et al. 2007; Rieke et al. 2009). This emis-
sion also traces the star formation activity over
.100Myr (Kennicutt & Evans 2012). We used the
relation given by Relan˜o et al. (2007) which was cal-
ibrated for a wide range of the 24µm luminosities
(1038erg s−1 < L24µm < 3 × 1044erg s−1) using a
Kroupa IMF:
(
SFR24µm
M⊙ yr−1
)
= 5.58× 10−36
(
νL24µm
erg s−1
)0.826
. (20)
The monochromatic RC emission at 6 cm and 20 cm
are well correlated with the above tracers. The Pearson
correlation coefficients are r > 0.7 between the radio
and the non-radio SFRs (Table 9). The relations with
the thermal radio SFRs agree within the errors and are
closer to linearity compared to those with the nonther-
mal radio SFRs, although their scatter σ can be larger
(in case of SFRFUV and SFR24µm). This is seen better in
Fig. 5 showing the non-radio SFRs vs. the thermal, non-
thermal, and total RC at 6 cm. Falling within the 95%
confidence bounds, the equality between the radio and
non-radio SFRs is achieved best when using the ther-
mal radio emission as the SFR tracer. Fig. 5 also shows
that the bisector fit (used in Table 9) is more robust
to the outliers than the ordinary least square (OLS) fit,
although they both agree regarding the uncertainties.
The SFR is over-estimated using the nonthermal radio
(between 3% to 30%, taking into account the errors)
with respect to the non-radio SFRs. The nonthermal
radio emission could, on the other hand, underestimate
the local SFR in resolved studies because of diffusion
of CREs (Murphy et al. 2011; Berkhuijsen et al. 2013).
The tightest correlation holds between the 24µm and the
nonthermal SFR, which hints on the nonthermal origin
of the radio-IR correlation caused by a coupling between
the gas and magnetic fields as shown in our resolved
studies (Tabatabaei et al. 2013a,c).
The uncertainties in the radio SFRs in Fig. 5 are cal-
culated using error propagation technique accounting
for the SED parameter errors and including the cali-
bration, baselevel, and map fluctuation uncertainties.
A 30% uncertainty is assumed for the non-radio SFRs.
We however caution that the uncertainty in the hybrid
SFRs could be even larger. Taking into account con-
tributions to the 24µm emission not associated with
massive star formation, Leroy et al. (2008) found that
the 24µm SFR estimators are systematically uncertain
by a factor of ∼2 leading to a calibration error of 50%
for galaxy integrated SFRs based on the hybrid SFRs.
We also note that correcting the FUV emission follow-
ing Boquien et al. (2016)6 and Hao et al. (2011) leads
to about similar SFRs, globally, considering the uncer-
tainties.
As the next step, we investigate the use of the MRC
bolometric radio luminosity, as a star formation tracer.
A tight correlation is found between the MRC and other
SFR tracers (r > 0.8) among which we select the ther-
mal radio emission as the ideal reference SFR tracer.
The following relation holds between the thermal radio
luminosity at 6 cm and the MRC,
log [νLthν (6cm)] = (6.5± 1.5) + (0.80± 0.07) log [MRC].
(21)
The SRF calibration based on the MRC is hence derived
using Eq.(10) and Eq.(21),
(
SFRMRC
M⊙ yr−1
)
= 3.5 × 10−31
(
MRC
erg s−1
)(0.80± 0.07)
,
(22)
with a dispersion of ≃ 0.2 dex. Figure 6 shows that the
non-radio SFRs agree better with SFRMRC than with
those traced monochromatically in radio (i.e., SFR6cm
and SFR20cm). Moreover, using the MRC as a SFR
tracer reduces the scatter σ by 5%-30% with respect
to the monochromatic radio SFR tracers. The fitted
relations are given in Table 9.
5.2. Calibration of MRC with monochromatic
luminosities
It would be useful to find simple relations which derive
the MRC radio luminosity using a limited number of
standard radio bands and applicable to a wider range
6 The FUV correction given by Boquien et al. (2016) was not
applied to all galaxies due to either lack of data or being out of
the applicability bound.
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Figure 5. Comparison of the extinction-corrected SFR diagnostics, Hα+24µm (Hαcorr), FUV+ 24µm (FUVcorr), and 24µm
plotted from left to right against the 6 cm radio SFRs (thermal, nonthermal, and total, respectively) in logarithmic scale. The
galaxies with failed thermal/nonthermal SED fit are excluded. Also shown are the equality line (dashed), the OLS fit and its
95% confidence bounds (solid line/curves), and the bisector fit (dotted line, see Table 9). Here, the slope b refers to the OLS
fit. The squares in the second row show the FUV hybrid SFRs calibrated following Boquien et al. (2016). An uncertainty of
30% is assigned for the non-radio SFRs.
of galaxy radio luminosities. This is particularly helpful
when not enough data/frequencies are available. The
following combination of the 6 cm (4.8GHz) and 20 cm
(1.4GHz) bands (C and L bands) recovers the radio 1-
10GHz SED shapes,
MRC = η1ν Lν(20 cm) + η2 ν Lν(6cm), (23)
with η1 = 0.32 ± 0.02 and η2 = 1.68 ± 0.10. The
coefficients are derived from a singular value decom-
position solution to an over-determined set of linear
equations (Press et al. 1992). This relation reproduces
the 2-component model bolometric MRC luminosities
to within 1% on average and a scatter of 8%. For
those galaxies with only single-component SED avail-
able, the model MRC and the above combination devi-
ate by 13%±5%. We also emphasize that the combina-
tion given in Eq.(23) resembles the model MRC better
than a single band calibration (using either the 20 cm or
6 cm luminosity).
6. EQUIPARTITION MAGNETIC FIELD
The correlation between the nonthermal radio emis-
sion and the SFR tracers could show a connection be-
tween the magnetic field and star formation activity.
This is supported by the theory of amplification of
magnetic fields by a small-scale turbulent dynamo (e.g.
Gressel et al. 2008) occurring in star forming regions.
Assuming equipartition between cosmic rays and the
magnetic field, theoretical studies suggest a relation be-
tween the magnetic field strength B and the SFR (B∼
SFR0.3, e.g., Schleicher & Beck 2013). We investigate
this dependency in the KINGFISH sample.
As a by-product of the SED analysis one can estimate
the magnetic field strength. In case of equipartition be-
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Figure 6. Comparison of the extinction-corrected SFR diagnostics, Hα+24µm (Hαcorr), FUV+ 24µm (FUVcorr), and 24µm
plotted from left to right against the 6 cm, 20 cm and MRC radio SFRs in logarithmic scale for the entire sample. Also shown
are the equality line (dashed), the OLS fit and its 95% confidence bounds (solid line/curves), and the bisector fit (dotted line,
see Table 9). Here, the slope b refers to the OLS fit. An uncertainty of 30% is assigned for the non-radio SFRs.
tween the energy densities of the magnetic field and cos-
mic rays (εCR = εB = B
2/8pi), the strength of the total
magnetic field B in Gauss is given by
B =
[4pi(2αnt + 1)K′ Int E1−2αntp ( ν2c1 )αnt
(2αnt − 1) c2L c3
] 1
αnt+3 (24)
(Beck & Krause 2005), where K′ = K + 1 with K the
ratio between the number densities of cosmic ray pro-
tons and electrons, Int is the nonthermal intensity in
erg s−1 cm−2 Hz−1 sr−1, L the pathlength through the
synchrotron emitting medium in cm, and αnt the mean
synchrotron spectral index. Ep = 938.26MeV= 1.50 ×
10−3 erg is the proton rest energy and
c1= 3e/(4pime
3c5) = 6.26428× 1018erg−2 s−1G−1,
c2(αnt)=
1
4
c4 (αnt + 5/3) /(αnt + 1)Γ[(3αnt + 1)/6]
×Γ[(3αnt + 5)/6],
c4=
√
3 e3/(4 pime c
2),
=1.86558× 10−23 ergG−1 sr−1,
with Γ the mathematical gamma function. For a region
where the field is completely ordered and has a constant
inclination i with respect to the sky plane (i = 0o is the
face-on view), c3 = [cos (i)]
(αnt+1).
It is usually assumed that K ≃ 100 (Beck & Krause
2005) and L ≃ 1 kpc/cos i. For αnt = 1, e.g., dominant
synchrotron cooling of the CREs, and Eq. (22) is re-
duced to B = C
(
Int
cos (i)
)1/4
. Since we are working with
flux density and not surface brightness, a more practical
expression is
B = B0
(
cos (i)
cos (i0)
)−1/4(
Snt
Snt,0
)1/4
, (25)
where B0 is the magnetic field strength, i0 the incli-
nation angle, and Snt and Snt,0 the nonthermal flux of
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the target and a reference galaxy. We had determined
B for one of the KINGFISH galaxies, NGC 6946, us-
ing Eq. (24) in Tabatabaei et al. (2013c). This galaxy is
used as the reference in Eq. (25), i.e., B0=BN6946=16µG
and Snt,0 = [S
4.8GHz
6.2cm (1 − fth(6cm))]N6946=0.5 Jy (see
Tables 6 and 7), and i0 = 33
◦, to estimate B for other
galaxies after correcting their fluxes for different dis-
tances. The magnetic field strength changes between
≃4µG (IC 2574) and 27µG (NGC 2146) with a mean
of B = 13.5 ± 5.5µG in the KINGFISH sample (see
Fig. 7-top). The B values and their uncertainties, calcu-
lated using the error propagation technique, are listed
in Tables 5 and 6.
Fig. 7-bottom shows that B and SFR are correlated,
r = 0.72± 0.097 and rs = 0.69± 0.01, as indicated first
by the nonthermal radio–SFR correlation (Sect. 5.1).
The bisector fit shown in Fig. 7 corresponds to
logB = (0.34± 0.04) logSFR+ (1.11± 0.02), (26)
with B in µG and SFR in M⊙ yr
−1. The B-
SFR dependency derived agrees with the theoretical
proportionality B∼ SFR0.3 due to amplification of
the turbulent magnetic field in star forming regions
(Schleicher & Beck 2013). Similar relations were found
in observationally resolved studies (e.g. Chyz˙y 2008;
Chyz˙y et al. 2011; Heesen et al. 2014). We emphasize
that the nonthermal emission traces the total magnetic
field that is a combination of the turbulent and or-
dered fields, and dominated by the turbulent field in
star forming regions. Using the radio polarization data,
instead, provides a more independent probe of the or-
dered large-scale magnetic field in galaxies. Our recent
study in a sample of non-interacting/non-cluster galax-
ies shows that the ordered magnetic field is closely re-
lated to the rotation and the large-scale dynamics of
galaxies (Tabatabaei et al. 2016).
7. FURTHER DISCUSSION
In this section, we investigate the dependencies of the
radio SED parameters αnt and fth on star formation
and equipartition magnetic field. We also discuss the
importance of this basic radio SED analysis for a better
understanding of the observed IR-to-radio luminosity ra-
tio in nearby galaxies leading to some hints for similar
studies at high-z.
7.1. The influence of star formation on the cosmic ray
electron population
After ejection from their sources in star forming re-
gions and propagating away, young CREs lose their
7 The formal error on the correlation coefficient depends on the
strength of the correlation r and the number of independent points
n, ∆r =
√
1− r2/√n− 2 (Edwards 1979).
Figure 7. Top: distribution of the magnetic field strength in
the KINGFISH sample. Bottom: The magnetic field strength
versus the star formation rate. Also shown are the OLS fit
and its 95% confidence bounds (solid line/curves) as well as
the bisector fit (dashed line).
energy through various cooling mechanisms: syn-
chrotron, inverse Compton, Bremsstrahlung, and ioniza-
tion. These cooling mechanisms change the energy index
of CREs or equivalently the spectral index of the non-
thermal emission αnt in different ways. Hence, αnt could
change from galaxy to galaxy, depending on the balance
between the young particles injected in star forming re-
gions and those cooled and aged in each galaxy (also see
Basu et al. 2015a).
We obtained the star formation rate surface densi-
ties ΣSFR of the KINGFISH galaxies using a non-radio
SFR (the Hα + 24µm hybrid SFR) to avoid possible
dependencies on the radio-SED parameters, and taking
into account the optical size of the galaxies. Fig. 8-left
shows a decrease in αnt with increasing ΣSFR with a
Pearson correlation coefficient of r = −0.47± 0.16 and
Spearman rank of rs = −0.51 ± 0.01 for normal galax-
ies (log(TIR)> 8.9L⊙). The scatter increases when in-
cluding the dwarfs and irregulars (r = −0.42 ± 0.16
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Figure 8. The nonthermal spectral index αnt vs. star formation rate surface density ΣSFR for the KINGFISH sample, color
coded per galaxy type (left) and nucleus type (right). Also shown are the ordinary least squares fit (blue) with a slope of
(−0.17 ± 0.06) and the bisector fit (Isobe et al. 1990) with a slope of (−0.41 ± 0.15). The dwarf galaxies are excluded. The
decreasing trend indicates that the CRE population is younger and more energetic in galaxies with higher star formation
(supernova) activity.
and rs = −0.47 ± 0.01). NGC 5866 appears as an
outlier in Fig. 8 due to its flat spectrum. Excluding
it, the αnt–ΣSFR correlation is significantly enhanced
(r = rs = −0.62± 0.01).
Could the observed decreasing trend be partly due to
AGNs? A flatter nonthermal spectrum in galaxies with
higher ΣSFR could occur due to the presence of flat spec-
trum AGNs. However, Fig. 8-right shows that the AGNs
could not have a direct role in the observed trend, as
the galaxies with AGNs could also have steep spectrum
(the 2 steepest-spectrum galaxies actually host AGNs).
Hence, the observed trend is mainly due to the SFR
itself and not the AGNs.
Star formation could have an important influence on
the energetics of the CRE population in a galaxy by in-
creasing the number density of young and fresh relativis-
tic particles with a flat spectrum via supernova explo-
sions and their strong shocks. Even in supernova rem-
nants (SNRs) the observed nonthermal spectral index
could be as flat as ≃0.5-0.7 (e.g., Berkhuijsen 1986). On
the other other hand, the CREs in star forming regions
scatter off the very many pitch angles of the turbulent
magnetic field (e.g. Dorman 2006) to the surround-
ing medium with a diffusion length that is smaller for
smaller degree of field order (Tabatabaei et al. 2013a).
This could lead to a high concentration of high-energy
particles in turbulent star forming regions causing CRE
winds because of the local pressure gradient. They
then escape with winds (see below) or are trapped in
a weaker magnetic field far from star forming regions
and propagate/diffuse to larger scales producing dif-
fuse synchrotron emission. Hence, star formation activ-
ities/feedback could flatten the global nonthermal spec-
trum in galaxies by a) injecting young CREs with flat
spectrum, b) amplifying the turbulent magnetic field
(Sect. 6) that helps the CREs to scatter off before they
completely lose energy to synchrotron, and c) produc-
ing strong winds and outflows that increase the convec-
tive escape probability of the CREs (e.g. Li et al. 2016).
In this case, the CRE escape timescale is smaller than
the synchrotron cooling timescale (for CREs with an
isotropic pitch angle distribution, tsyn =
24.57
B2γ yr with B
in Gauss and γ the Lorentz factor). Hence, the global ra-
dio spectrum of more star forming galaxies is dominated
by radiation from younger CREs with flat spectrum.
A flatter nonthermal spectrum in star forming regions
(αnt = 0.5 − 0.7) than in the diffuse ISM (αnt > 0.7)
has been already found in resolved studies in M33
(Tabatabaei et al. 2007) and one of the KINGFISH
galaxies NGC 6946 (Tabatabaei et al. 2013c) for which
high-resolution radio data were available. Detecting
such an effect in global studies could, however, be com-
plicated by contributions from various cooling mecha-
nisms and inhomogenities which could induce scatter in
the αnt–ΣSFR plane, as observed in Fig. 8.
7.2. The influence of magnetic field on the cosmic ray
electron population
As the synchrotron emission depends on the magnetic
field strength, it is also important to investigate the in-
fluence of B on the energy spectrum of the CRE popu-
lation. Theoretically, a positive correlation is expected
due to increasing synchrotron cooling, a negative corre-
lation for a CRE escape speed increasing with B, and
no correlation due to other energy losses such as the
bremsstrahlung loss. The positive correlation can be
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traced in the ISM far from star forming regions where
the magnetic field is more uniform/ordered. The en-
tangled/turbulent field interrupts the continuous syn-
chrotron cooling of the CREs and prevents further steep-
ening of their emission spectrum by scattering them as
occurs in star forming regions (Sect. 7.1). For instance,
in NGC6946, the nonthermal spectrum along the or-
dered magnetic field is steeper than in the other ISM
regions particularly those with strong turbulent field
(Tabatabaei et al. 2013c). Hence, looking for a positive
αnt−B correlation based on the integrated properties
of the galaxies should be complicated by the presence of
star forming regions having low αnt and strong B (which
is mostly turbulent).
In our sample, we find a poor correlation with a rank
of rs = −0.32± 0.09 at best (excluding the outliers, i.e.,
dwarfs and NGC5866). The weakness of the correlation
could be due to a combined effect from the star forming
and non-star forming ISM as discussed. The negative rs
indicates the large influence from star forming regions
and the fact that B is dominated by the turbulent mag-
netic field. Other cooling/propagation effects could also
cause complications in global studies.
7.3. The radio SED vs. the IR SED
Bolometric luminosities are a measure of the energy
budget of galaxies emitting at certain ranges of frequen-
cies. The IR bolometric luminosities have been stud-
ied in detail at various frequency intervals, e.g., TIR: 8-
1000µm (Sanders & Mirabel 1996), FIR: 42.5-122.5µm
(Rice et al. 1988), FIR: 40-500µm (Chary & Elbaz
2001), FIR/submm: 40-1000µm (Tabatabaei et al.
2013b), and TIR: 3-1100µm (Galametz et al. 2013). For
the KINGFISH sample, Dale et al. (2012) obtained the
TIR (3-1100µm) luminosities using the Herschel and
Spitzer data (see Table 1). To compare the emission
energy budget of the KINGFISH galaxies in IR with
that in radio, we must compare their IR and radio bolo-
metric luminosities. However, to our knowledge, there is
no definition of the radio bolometric luminosity over any
frequency range in the literature apart from our current
definition. Hence, Eq.(6) serves as the only available def-
inition of the bolometric luminosity in mid-radio MRC.
We compare the spectral energy distribution of the IR
and radio domains by means of the ratio of their in-
tegrated luminosities in two ways, a) the TIR-to-MRC
ratio:
< q >TIR ≡ log (
TIR
103MRC
), (27)
and b) the FIR-to-MRC ratio:
< q >FIR ≡ log (
FIR
103MRC
), (28)
with TIR, FIR, and MRC luminosities in erg s−1 (the
MRC factor of 103 in the denominator is selected arbi-
trarily so that< q > falls in the range of the q-parameter
defined traditionally using the 20 cm radio luminosity,
Helou et al. 1985). The FIR luminosities were obtained
by integrating the KINGFISH SEDs (Dale et al. 2012)
in the frequency interval 42-122µm. In the sample,
< q >TIR changes between 2.26 and 3.02 with a mean
of 2.70 ± 0.17 (error is the scatter). The FIR-to-MRC
ratio, < q >FIR, changes between 1.7 and 4.2 with a
mean of 2.37 ± 0.36.
The parameters < q >TIR and < q >FIR are useful
to study the relative change in the IR and radio SEDs
in terms of various astrophysical parameters. A first
parameter is the star formation rate as an important
energy source of both radio and IR emission. Figure 9-
top shows a likely decreasing trend of < q > vs. SFR,
particularly for SFR> 1M⊙ yr
−1, with a Pearson cor-
relation coefficient r = −0.4 ± 0.1 for both cases. The
Spearman rank coefficient is rs = −0.45 ± 0.01 for the
< q >TIR–SFR correlation, and rs = −0.42 ± 0.02 for
the < q >FIR–SFR correlation. Considering the thermal
and nonthermal MRC separately in Eqs.(27) and (28), a
clear anti-correlation is found for < q > vs. SFR when
using the nonthermal emission (Fig. 9-middle). In this
case, the Pearson correlation coefficient is r = −0.5±0.1
for both cases. The < q > based on the thermal emis-
sion is not correlated with SFR (Fig. 9-bottom). This
shows that the nonthermal SED could be more sensitive
to a change in massive star formation activity than the
thermal emission. One immediate cause could be the
amplification of the magnetic fields in star forming re-
gions, adding more weight to the synchrotron emission,
as shown in Sect. 4.5. As such, the observed weak anti-
correlation may be due to the star formation feedback
inducing the magnetic field strength in galaxies (e.g.,
Pellegrini et al. 2009; Tabatabaei et al. 2015). This also
explains the sublinear non-radio vs. radio SFR corre-
lations (also the famous IR-radio correlation) shown in
Sect. 5.
7.4. Implication for high-z studies
As the synchrotron emission is set by the mag-
netic field strength, Eq.(24) implies a smaller FIR-to-
nonthermal radio ratio with higher rate of star forma-
tion in galaxies, as found already in Sect. 7.3 (see Fig. 9).
This also has an implication for high-z studies: we ex-
pect to see a drop in the nonthermal part of < q >
at high redshifts where the more luminous/higher-star-
forming objects are selected. However, most of the high-
z studies show either no evolution (e.g. Sargent et al.
2010; Jarvis et al. 2010) or only a tentatively slight de-
crease of the IR to radio ratio (qIR with z, Ivison et al.
2010a,b; Casey et al. 2012; Basu et al. 2015b). This
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Figure 9. The TIR-to-MRC ratio < q >TIR and FIR-to-
MRC ratio < q >FIR vs. SFR for the RC (top) and its
nonthermal (middle) and thermal components (bottom). A
decreasing trend is indicated due to the nonthermal emission.
could be of course due to the fact that no attempt is
usually made to separate the thermal and nonthermal
radio components when studying the IR-to-radio ratios.
Few high-z studies have addressed variations of
qIR with dust temperature in galaxies leading to
different results, i.e., either weak positive correla-
tion (Magnelli et al. 2015) or a negative correlation
(Ivison et al. 2010b; Smith et al. 2012). As shown in
Fig. 10, a correlation between < q > and the dust tem-
perature, derived by fitting a single modified black body
model to the IR SEDs (Dale et al. 2012), does not occur
in nearby galaxies.
The radio spectral index was proposed as a redshift
indicator for distant galaxies (Carilli & Yun 1999), but
the technique was shown to have limited accuracy (50%
redshift errors) due to a change in dust temperatures
Figure 10. The FIR-to-MRC radio ratio < q >FIR vs. dust
temperature.
(Chapman et al. 2005). This also motivated us to look
for any trend between the dust temperature and the
radio spectral index in nearby galaxies which could be
used as a basic reference for high-z studies. Fig. 11 shows
no correlation between α and the dust temperature in
our galaxies. On the other hand, a likely decreasing
trend is found between αnt vs. the dust temperature
(r = −0.40 ± 0.15 and rs = −0.42 ± 0.02). This
can be explained by the positive correlation between the
dust temperature and the star formation surface density
ΣSFR with about the same quality (r ≃ +0.45), and con-
sidering that αnt decreases with ΣSFR (see Sect. 4.1).
8. SUMMARY
We compared the non-radio extinction-corrected di-
agnostics of star formation rates with the radio SFRs
for a sample of nearby galaxies, KINGFISH, using both
the MRC bolometric and monochromatic luminosities at
6 cm and 20 cm. Our homogeneous and careful analysis
of the 1-10GHz SEDs using new observations with the
100-m Effelsberg telescope allowed us to determine the
MRC radio luminosities and the fractional contributions
of the standard radio bands for the first time. The 1-
10GHz bolometric luminosity is calibrated by a linear
combination of the 6 and 20 cm bands (Eq. (23)).
Unlike frequent assumptions, the nonthermal spec-
tral index is not fixed. It changes over a wide range
in the sample (∼0.5-1.5, Table 7), decreasing with in-
creasing the star formation surface density of galaxies.
This suggests the influence of star formation on the en-
ergetics of the CRE population, for example, by inject-
ing high-energy cosmic rays. The average nonthermal
spectral index derived for the 1-10GHz frequency range
(αnt = 0.97± 0.16) is slightly steeper than that derived
in the 400MHz-10GHz studies (≃0.8), considering the
uncertainties. This difference could already indicate the
low-frequency flattening of the synchrotron spectrum.
Neglecting the thermal component, the 1-10GHz radio
SEDs are fitted by a single power-law model with the
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Figure 11. Top: the RC spectral index α vs. the dust tem-
perature. Bottom: the nonthermal spectral index αnt ex-
hibits a possible decreasing trend against the dust tempera-
ture excluding the flat radio sources (α < 0.6).
mean spectral index of α = 0.79± 0.15.
The thermal fraction changes from zero to ∼60% with
a mean of 23% at 6 cm, and from zero to ∼40% with
a mean of 10% at 20 cm (Table 7) and agrees with the
estimates based on the Hα methods (Table A1). It is the
highest in dwarf irregular galaxies but does not show a
clear correlation with morphology, ΣSFR, or metallicity.
We defined the mid-radio (1-10GHz) continuum bolo-
metric luminosity, MRC, and obtained its distribution
in the sample. The MRC luminosity of the KINGFISH
galaxies changes over ∼3 orders of magnitude with a
mean luminosity of 4.8 × 104 L⊙. Characterizing the
average radio SED, we determined the contribution of
the standard radio bands (L, S, C, X) in the mid-radio
luminosity. We also presented a new calibration for the
simple radio model (Condon et al. 1991), although large
deviations could occur in individual galaxies.
Our study of the KINGFISH sample which includes a
wide range of galaxy types, shows that the MRC is an
ideal star formation tracer. This is because of its good
and linear correlation with other star formation trac-
ers including the FUV and Hα emission derived inde-
pendently. We also presented SFR calibration relations
using the MRC bolometric luminosity.
We found that the FIR-to-MRC luminosity ratio,
< q >FIR, could change with star formation rate that is
due to the nonthermal component and its nonlinear cor-
relation with star formation rate. Amplification of the
equipartition turbulent magnetic fields in star forming
regions could additionally strengthen the synchrotron
power in galaxies with higher SFR, leading to a decrease
in < q >. Hence, star formation feedback and magnetic
fields could play a role in the balance between the ra-
dio and IR spectral energy distributions. Due to this
feedback, the nonthermal radio emission overestimates
the global SFR in starbursts and galaxies with high star
formation activity.
Extrapolating the SEDs beyond the 1-10GHz, we pre-
dicted the thermal fractions at several frequencies from
350MHz to 45GHz (Table C2) based on the modeled
SEDs. Comparing to the real observations at those se-
lected frequencies it would be possible to determine the
flattening of the SED (i.e., due to the free-free absorp-
tion of the synchrotron emission) at frequencies lower
than 1GHz, or contribution of the spinning dust emis-
sion at frequencies higher than 10GHz.
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APPENDIX
A. COMPARISON WITH OTHER THERMAL/NONTHERMAL SEPARATION TECHNIQUES
A degeneracy in parameter space occurs naturally when several free parameters are fitted simultaneously using the
classical χ2 method. In the Bayesian MCMC approach, the confidence intervals are the most probable posteriors
taken directly from the parameter space (see Figs. 1). Hence the degeneracy is naturally included in the uncertainties
(16%-84%, equal-tailed intervals) reported in Table 7. To check further the reliability of the confidence intervals and
the range of the uncertainties, we perform a comparison with a different thermal/nonthermal separation technique.
The thermal radio emission can be optimally traced by the brightest Hydrogen recombination line, the Hα emission, in
galaxies after de-reddening (Tabatabaei et al. 2007, 2013a,c). In global studies, combining the Hα and the 24µm fluxes
is used to de-redden the Hα emission (Sect. 5.1). The thermal free-free emission traced based on this de-reddening
could however be overestimated depending on the stellar population in a galaxy as the interstellar dust is not the only
source of the 24µm emission (dusty atmospheres of carbon stars also emit the IR emission at 24µm, e.g., Verley et al.
2009; Tabatabaei & Berkhuijsen 2010; Boquien et al. 2016). The corrected (Hα+ 24µm) and observed Hα fluxes can
hence be used as upper-estimate and lower-estimate of the thermal radio flux, respectively. The following expression,
Sνth = 1.14× 10−14 (
Te
104K
)0.34 (
ν
GHz
)−0.1 SHα
converts the Hα flux (corrected or observed) SHα in ergs s
−1 cm−2 to the thermal radio flux density Sth
in erg s−1 cm−2Hz−1 at frequency ν (e.g., Deeg et al. 1997). We derive the thermal fraction at 6 cm,
fth(6cm)=S
4.8GHz
th /S
4.8GHz
6cm for the KINGFISH galaxies with available Hα flux (Tabel A1). The thermal fraction
based on the radio method (i.e., the median of the posterior PDFs in the Bayesian approach) mostly falls in between
the two Hα estimates or is closer to the corrected Hα estimate. In few other cases, the radio and Hα estimates agree
within the uncertainties. It is then worth noting that the Bayesian MCMC method is successful and reliable capturing
the correct answer, apart from the large degeneracy caused by the large observational errors taken from the literature
(particularly the 10GHz data)– which in most cases widens the range of the uncertainties in the thermal fraction to
non-physical, negative values.
B. PLOTS OF THE SED FITTING WITH BAYESIAN MCMC
The radio SED fits presented in Sect. 3 are shown in Figs. B1,B2, and B3.
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Table A1. Thermal fraction fth(6cm) based on the observed Hα, Hα+ 24µm (Hαcorr), and the radio-SED methods.
Galaxy Hα Hαcorr radio-SED
IC0342 0.17 0.27 ...
IC2574 0.48 0.54 0.550.140.12
NGC 0337 0.07 0.13 0.080.090.03
NGC 0628 0.30 0.42 0.440.110.12
NGC 1266 0.01 0.07 0.080.150.20
NGC 1482 0.01 0.08 ...
NGC 2146 ... ... 0.200.200.25
NGC 2798 0.03 0.10 0.070.100.18
NGC 2841 ... ... 0.220.070.21
NGC 2976 0.23 0.32 0.270.200.14
NGC 3049 0.23 0.44 0.310.270.25
NGC 3184 0.27 0.39 0.390.250.20
NGC 3190 0.05 0.11 0.180.100.11
NGC 3265 0.08 0.29 0.330.100.07
NGC 3521 0.10 0.18 0.150.180.21
NGC 3627 0.08 0.18 0.160.200.24
NGC 3938 0.24 0.34 0.280.200.22
NGC 4236 0.36 0.42 ...
NGC 4254 0.10 0.17 0.200.090.14
NGC 4321 0.05 0.25 0.430.070.20
NGC 4536 0.03 0.14 0.120.060.04
NGC 4559 0.26 0.37 0.310.250.30
NGC 4569 0.03 0.10 0.250.150.18
NGC 4579 0.02 0.06 ...
NGC 4631 0.07 0.11 0.230.090.11
NGC 4725 0.18 0.25 0.250.130.15
NGC 4736 0.04 0.21 0.250.150.20
NGC 4826 0.04 0.26 0.300.250.27
NGC 5055 0.05 0.15 0.170.180.22
NGC 5457 0.11 0.25 0.200.130.16
NGC 5713 0.01 0.10 0.040.150.20
NGC 5866 0.09 0.13 0.150.200.15
NGC 6946 0.20 0.29 0.240.120.20
NGC 7331 0.05 0.15 0.120.150.13
M51 0.04 0.10 0.150.120.14
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Figure B1. Radio SEDs (flux density vs. frequency) of the KINGFISH sample (solid curves) for the total RC (black) and
its nonthermal (blue) and thermal (red) components as well as their uncertainty curves (dashed for RC and dotted for its
components). The points show the observed flux densities. Also shown are the relative residuals (modeled-observed/observed
ratio) for each galaxy.
28
1 1 1
1
1 1
1 1 1
1 1 1
1
Figure B2. Same as Fig. B1 for the rest of the sample.
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Figure B3. Same as Figs. B1 and B2 for the rest of the sample.
C. THE RADIO SEDS BEYOND 1-10GHZ
By extrapolating the best-fit SED models, the synchrotron and free-free fluxes, and the thermal fractions can be
estimated at frequencies higher and lower than 1-10GHz. This may not be realistic due to the curvature of the
synchrotron SED and its flattening at lower frequencies. In this case, the predicted fluxes are higher than the observed
fluxes and they actually provide a basis for evaluating the flattening itself. On the other extreme, the high-frequency
extrapolations could result in total flux densities which are lower than the observed fluxes, due to spinning dust emission
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Table C2. Thermal fractions predicted beyond the 1-10GHz.
Galaxy 350MHz 15GHz 22GHz 33 GHz 45GHz
IC0342 ... ... ... ... ...
IC2574 0.11 0.75 0.81 0.86 0.90
NGC 0337 0.01 0.23 0.31 0.41 0.48
NGC 0628 0.05 0.55 0.60 0.68 0.73
NGC 1266 0.01 0.20 0.26 0.34 0.41
NGC 2146 0.00 0.03 0.04 0.05 0.06
NGC 2798 0.00 0.13 0.16 0.20 0.23
NGC 2841 0.03 0.56 0.64 0.73 0.78
NGC 2976 0.05 0.50 0.60 0.70 0.76
NGC 3049 0.01 0.45 0.53 0.60 0.65
NGC 3077 ... ... ... ... ...
NGC 3184 0.05 0.60 0.68 0.76 0.81
NGC 3190 0.07 0.37 0.45 0.54 0.61
NGC 3265 0.03 0.57 0.64 0.70 0.75
NGC 3521 0.01 0.32 0.41 0.50 0.57
NGC 3627 0.01 0.31 0.37 0.45 0.51
NGC 3938 0.02 0.51 0.60 0.68 0.74
NGC 4236 ... ... ... ... ...
NGC 4254 0.02 0.42 0.51 0.61 0.67
NGC 4321 0.03 0.73 0.81 0.87 0.90
NGC 4536 0.00 0.21 0.27 0.35 0.41
NGC 4559 0.04 0.68 0.76 0.84 0.88
NGC 4569 0.03 0.66 0.75 0.82 0.86
NGC 4579 ... ... ... ... ...
NGC 4631 0.01 0.40 0.47 0.55 0.61
NGC 4725 0.03 0.53 0.63 0.72 0.78
NGC 4736 0.06 0.65 0.75 0.82 0.85
NGC 4826 0.04 0.50 0.57 0.65 0.70
NGC 5055 0.01 0.34 0.41 0.50 0.56
NGC 5457 0.02 0.42 0.50 0.59 0.65
NGC 5713 0.00 0.07 0.10 0.13 0.16
NGC 5866 0.00 0.20 0.23 0.27 0.30
NGC 6946 0.01 0.36 0.42 0.48 0.53
NGC 7331 0.01 0.33 0.42 0.52 0.60
M51 0.00 0.20 0.27 0.34 0.40
(Bot et al. 2010) or magnetic nanoparticles (Draine & Hensley 2012). Then, our predictions would help detecting such
emission in the sample. Table C2 lists the predicted thermal fractions at 350MHz, 15GHz, 22GHz, 33GHz, and
45GHz for each galaxy.

